Palygorskite Hybridized Carbon Nanocomposite as a High-Performance Electrocatalyst Support for Formic Acid Oxidation by Wang, K et al.
Palygorskite Hybridized Carbon Nanocomposite
as a High-Performance Electrocatalyst Support for
Formic Acid Oxidation
Keliang Wanga, Hui Wanga, Rongfang Wanga,*, Julian Keyb, Vladimir Linkovb and Shan Jib,**
1Key Laboratory of Eco-Environment-Related Polymer Materials, Ministry of Education of China, College of Chemistry and Chemical Engineering,
Northwest Normal University, Lanzhou 730070, China.
2South African Institute for Advanced Materials Chemistry, University of the Western Cape, Cape Town, 7535, South Africa.
Received 10 December 2012, revised 14 February 2013, accepted 22 March 2013.
ABSTRACT
A nanocomposite, in which acid-treated palygorskite was hybridized with carbon, was prepared and designed as an efficient
support for electrocatatlysts. Pd nanoparticles were deposited on the hybrid support as an electrocatalyst for formic acid oxida-
tion. The hybrid supports and electrocatalysts were characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). TEM and XRD results showed that acid treatment had an effective impact on
the morphology of palygorskite, but did not destroy its architecture. XPS results indicated that the introduction of palygorskite
resulted in a negative shift of binding energy of Pd deposited on it. The electrochemical results showed that the addition of
palygorskite into the carbon facilitated the formation of OHads or Oads on the surface of Pd/C-PLS, and further improved the formic
acid electrooxidation activity. Therefore, considerable improvements in electrocatalytic activity toward formic acid oxidation was
achieved by using this hybrid support when compared with conventional carbon support, suggesting that the introduction
of SiO2-based porous palygoriskite was an excellent and cost-efficient way to improve the electrocatalytic performance of carbon
support.
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1. Introduction
Recently, it was reported that Pd nanoparticles possessed
better electrochemical activity toward formic acid oxidation
than the conventional Pt-based electrocatalysts in a half cell,
which resulted in a rapid development of Pd-based electro-
catalysts for direct formic acid fuel cells (DFAFCs).1–4 It is
well-known that the electrocatalytic activity of noble metal
nanoparticles is strongly dependent on the nature of their
support for electrocatalysts of fuel cells. Currently, carbon-based
materials still dominate the supports of electrocatalysts for
DFAFCs, due to their high electronic conductivity, porous
morphology (to transport educts, fuel and oxidant), and stability
in the harsh working conditions of fuel cells.5–9 However, as the
support of noble metal catalysts, the carbon corrodes too rapidly
in the harsh working conditions of fuel cells, i.e. low pH, high
potential, existence of the precious metal particles and on/off
operation conditions. Therefore, significant effort has been put
into the development of highly stable carbon support materials
to improve the stability of support and performance of noble
metal particles deposited on their surface.10–12
Some researchers found that modifying the surface of the
carbon support with oxides, such as Fe2O3, SnO2 and SiO2, also
can efficiently improve the electrocatalytic activities and stability
of noble metallic particles deposited on its surface.13–16 Palygor-
skite (PLS) is a SiO2 based, neutral, tri-octahedral, clay with
channels that together with sepiolite form the group of fibrous
clay minerals that exhibit pore-like structure. Owing to their
sorptive and porous properties, PLS and its derivatives are widely
used as active, and specific adsorbents17, catalyst supports18,
fire-retardant painting materials19, or templates for the prepara-
tion of carbon nanofibers20. Compared with porous carbon
materials, PLS is much cheaper due to its accessibility and abun-
dance. In addition, PLS is more chemically inert and environ-
mentally friendly.21 If there is a way to improve the electric con-
ductivity of PLS, PLS will be a potential candidate as a support
for noble metal nanoparticles to improve their electrocatalytic
activities and stability.
In our previous study22, an electrocatalyst support based on
nitrogen-doped graphitic layer coated palygoriskite, was devel-
oped by carbonizing polypyrrole, and evaluated as a cathode
electrocatalyst support for oxygen reduction reaction (ORR).
After Pt nanoparticles were deposited on its surface, the carbon
coated palygoriskite exhibited superior catalytic performance
for ORR to the conventional Pt/C catalysts. However, carboniza-
tion of polypyrrole to prepare carbon-coated palygoriskite is
expensive and complicated. In this paper, the objective was to
develop a simple and low-cost method of preparing a palygor-
skite hybridized carbon nanocomposite support (C-PLS) for an
electrocatalyst. Herein, a hybrid support consists of electrically
conductive carbon and PLS was developed using acid-treated
PLS and commercial carbon. Subsequently, Pd nanoparticles
were deposited on its surface by conventional borohydride
reduction method. X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), nitrogen adsorption-desorption isotherm measurements
and cyclic voltammograms (CVs) were used to investigate the
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effect of PLS on the morphology and electrocatalytic behaviours
of the synthesized Pd/C-PLS catalysts.
2. Experimental
Palygorskite was obtained from the Jiangsu Xuyi Jiuchuan
Nanomaterial Co. Ltd. Prior to screening with a 200 mesh sieve,
it was milled with an agate mortar. The milled PLS was
immersed into a 3 mol L–1 hydrochloric acid solution (HCl), and
stirred for 4 h; then filtered and dried at room temperature. The
synthetic procedure using conventional borohydride reduction
method is described below. Vulcan XC-72R and PLS (ratio
of C/PLS is 9:1) are slowly added into ethylene glycol (EG,
Aladdin Chemistry Co. Ltd) under vigorous stirring to make the
mixture well dispersed in the solvent. 30.0 mg of PdCl2 was
transferred into a 100 mL flask, and 2 drops of concentrated HCl
was added to the flask, and then the mixture was treated in ultra-
sonic bath for several min. After that, the PdCl2 mixture and
25 mL of ethylene glycol were introduced into above carbon-PLS
suspension under stirring. The above mixture was sonicated for
30 min and its pH was adjusted to 9 by addition of 5% of
KOH/EG solution. Subsequently, the mixture was transferred
into an autoclave and heated at 160 °C for 5 h. The product was
collected by filtration, rinsed with deionized water for 10 times
and dried overnight in a vacuum oven. For comparison, Pd/C
with the same metal loading was synthesized using the same
procedure of synthesizing Pd/C-PLS, in which only carbon was
used as support.
The catalysts were characterized by recording their XRD
patterns on a Shimadzu XD-3A (Japan), using filtered Cu-K~
radiation. All XRD patterns were analyzed using Jade 7.5 of
Material Data, Inc. (MDI): peak profiles of individual reflections
were obtained by a nonlinear least-square fit of the Cu K~
corrected data. TEM measurements were carried out on a
JEM-2010 Electron Microscope (Japan) with the acceleration
voltage of 200 kV. The Brunauer–Emmett–Teller (BET) surface
area of the catalyst supports were measured by Quantachrome
Autosorb-1 volumetric analyzer in the relative range (P/P0) of
0.05–0.30. XPS (Thi-5702 America) was a monochromatic Al K~
X-ray source (h = 29.35 eV). The electrochemical measurements
of catalysts were performed using an Autolab electrochemical
work station (PGSTAT128N). A common three-electrode electro-
chemical cell was used for the measurements. The counter and
reference electrode were a platinum wire and an Ag/AgCl (3 mol
L–1 KCl) electrode, respectively. The working electrode was a
glassy carbon disk with a diameter of 5 mm. The thin-film
electrode was prepared as follows: 5 mg of catalyst was
dispersed ultrasonically in 1 mL Nafion/ethanol (0.25% Nafion)
for 15 min. Subsequently, 8 µL of the dispersion was transferred
onto the glassy carbon disk using a pipette, and then dried in
the air. The catalysts were characterized by CVs and chrono-
amperometry (CA) tests at room-temperature. Before each
measurement, the solution was purged with high-purity
N2 gas for at least 30 min to ensure O2-free measurements. All the
electrochemical tests were carried out at ambient temperature.
3. Results and Discussion
The molecular formula of the PLS used in this work was
(Mg,Al)5(Si,Al)8O20(OH)2·8H2O. Porous crystalline structures
containing tetrahedral layers aligned together with longitudinal
sideline chains are the typical reported structure of PLS23. This
structure consists of a representative unit cell with Al and Mg
cations that can be easily exchanged with other cations or
washed out by acid. Fig. 1 shows the change of PLS structure
after the acid treatment.
The XRD patterns of the untreated and treated PLS are
presented in Fig. 2, indicating that the PLS structure is not
destroyed by the acid treatment. Both XRD patterns show that
natural and acid-treated PLS possess a high degree of
crystallinity. The interlayer distance of the peak at 2è = 8.3 ° is
attributed to the basal space of the PLS framework and usually
recognized as the characteristic peak for PLS. The peaks at 13.9 °,
16.5 ° and 20.9 ° represent the Si–O–Si crystalline layers of the
clay.24 Quartz impurities were also detected as shown by the
peak at 26.7 °. Comparison of the XRDs suggests that acid treat-
ment does not result in any significant loss in the crystallinity of
the materials or damage to the PLS architecture. In addition, the
quartz impurities cannot be completely removed by the acid
treatment, but the peak of carbonate mineral impurities
observed at 30.8 ° disappeared after the acid treatment. After the
acid treatment, the Al and Mg cations (leached away by acid)
could be replaced by H+ to form hydroxyl.
To investigate the effect of acid treatment on pore structure
and properties of the PLS, the measurements of nitrogen
adsorption-desorption isotherms (Fig. 3) were conducted. Nitro-
gen adsorption-desorption of natural PLS and acid-treated PLS
correspond to type II in the IUPAC classification with a small
hysteresis loops. The value of surface area for natural PLS and
acid-treated PLS calculated by application of BET equation are
183 m2 g–1 and 254 m2 g–1, respectively. Here, the enhancement of
surface area after acid treatment can be attributed to the elimina-
tion of octahedral cations and formation of rough surface.25
TEM images of natural PLS, acid -treated PLS, Pd/C and
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Figure 1 The change of palygorskite structure after acid treatment.
Figure 2 XRD patterns of natural palygorskite (a) and acid-treated
palygorskite (b).
Pd/C-PLS are shown in Fig. 4. It can be seen that PLS and acid-
treated PLS exhibit a tube-like morphology. Comparing Fig. 4a
and Fig. 4b, the major difference of these two TEM images is that
bundled tubes are observed in the sample of natural PLS,
whereas the tubes are more separated in the TEM of acid-
treated PLS. In the natural PLS, there are some impurities, such
as Al2O3, CaO and MgO, which may exist in both the tetrahedral
Si-O sheets and the surface of PLS tubes. These impurities on the
surface of PLS tubes might bond the tubes together, but might
also break after acid treatment. Fig. 4c and Fig. 4d present
TEM image and the corresponding Pd nanoparticle size distri-
bution of Pd/C, respectively. Pd nanoparticles can be seen
dispersed on carbon support with obvious agglomeration.
The Pd nanoparticles exhibit diameters ranging from 4.0 to
6.5 nm and its average diameter is 5.2 nm as shown in Fig. 4d.
Fig. 4e and Fig. 4f illustrate the morphology and nanoparticle
size distribution of Pd/C-PLS, respectively. Fig. 4e reveals
that PLS are mixed with carbon and the black Pd nanoparticles
can be seen on the surface of C. The range of nanoparticle diameter
is from 4.0 to 6.5 nm with 5.3 nm of the average diameter. As the
dispersion of Pd supported on carbon, the phenomenon of the
agglomeration for Pd/C-PLS is obvious. It should be noted that
the agglomeration of Pd nanoparticles for the two catalysts may
be relate to the method of synthesis, which has arisen in our
previous report.22 Comparison of the distribution of Pd nano-
particle between Pd/C and Pd/C-PLS indicates the addition
of PLS does not affect the distribution of Pd nanoparticles.
Figure 5 shows the XRD patterns of Pd/C and Pd/C-PLS. It can
be observed from the XRD patterns that there are four characteris-
tic peaks of face-centred cubic crystalline Pd, corresponding
to (111), (200), (220) and (311) facets, respectively.26 The diffrac-
tion peak around 24 ° is the characteristic peak of amorphous
Vulcan XC-72 carbon support.27 In the XRD pattern of Pd/C-PLS,
a typical diffraction peak of basal space of PLS framework is
hardly observed, which may be overlaid by amorphous carbon.
Apart from the effect of carbon on the XRD pattern, the intensity
of characteristic diffraction peaks of PLS became indistinct
after Pd particles were deposited on its surface, possibly due
to the weakening of the crystallization of PLS during the Pd
depositing procedure as has been observed elsewhere with
electroless Ni plated on PLS.28
To identify different electronic structure of Pd on the surface
of C and C-PLS supports, Pd/C and Pd/C-PLS were character-
ized by XPS. Fig. 6a and Fig. 6b show the XPS spectra of the
Pd 3d for Pd/C and Pd/C-PLS catalysts, respectively. The Pd 3d
XPS spectra of both catalysts can be fitted into two pairs of over-
lapping Lorentzian curves. The two pairs of peaks indicate that
there are two kinds of valence states for Pd, Pd (0) and Pd2+
in PdO29, on the surface of catalysts. Comparison of binding
energies of Pd 3d5/2 and Pd 3d3/2 for Pd/C and Pd/C-PLS is
presented in Table 1.
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Figure 3 Nitrogen adsorption-desorption isotherm of the untreated PLS
and the treated PLS.
Figure 4 TEM images of (a) natural PLS, (b) acid-treated PLS, (c) Pd/C
and (e) Pd/C-PLS catalysts; and the Pd nanoparticle size distribution of
(d) Pd/C and (f) Pd/C-PLS catalysts.
Figure 5 XRD pattern of Pd/C (a) and Pd/C-PLS (b).
The results show that there is a clear shift of the Pd 3d5/2
and 3d3/2 for Pd/C-PLS to more negative binding energies than
that of Pd/C, which may be caused by electro-negative difference
of Pd and Si resulting in charge transfer occurring between Pd
and Si. The increase of binding energy could affect the interac-
tion strength between Pd nanoparticles and formic acid. The
shift of binding energy to the low energy region suggests that
slightly decreased interaction strength between formic acid
and Pd nanoparticle on the surface of Pd/C-PLS might lead to an
increase in the catalytic rate since formic acid would not be
strongly chemsorbed on the surface of Pd nanoparticles.
Figure 7 shows the CVs of the Pd/C and Pd/C-PLS catalysts in
0.5 mol L–1 H2SO4 electrolyte between -0.2 and 1.0 V (versus
Ag/AgCl) at a scan rate of 50 mV s–1. Both catalysts exhibit the
characteristic features of hydrogen adsoption/desorption peaks
in low potential region, oxygen adsorption/desorption in high
potential region and a flat double layer between them. It can be
observed in Fig. 7 that the currents for hydrogen adsorption/
desorption and oxygen adsorption/desorption for Pd/C-PLS are
almost same as that of Pd/C. Moreover, there is a clear shift of
oxygen reduction peak to the cathodic section, which implies
that it is easier to desorb OHads or Oads on the surface of Pd/C-PLS.
A similar phenomenon has been also observed in the case of Pt
catalyst.30
The electrochemical active surface area AEL of different Pd
catalyst can be calculated according to Eq. (1)31:
AEL(m2 g–1) = QH/(2.1 × [Pd]) (1)
where QH (cm–2) is the average integrated charge of hydrogen
adsorption/desorption peak area, [Pd] (cm–2) is Pd loading on the
electrode, and 2.1 is the charge (C m–2) required to oxidize a
monolayer of hydrogen on the Pd surface. The AEL of an electro-
catalyst not only provides important information regarding the
number of electrochemically active sites on a mass basis of the
precious metal, but also is a crucial parameter to compare differ-
ent electrocatalytic supports.32 The estimated AEL of Pd/C-PLS
and Pd/C are 81 m2 g–1Pd and 83 m2 g–1Pd, respectively. The AEL
of Pd/C-PLS is close of that of Pd/C. It should be noted that the
estimated AEL is not entirely accurate because H is adsorbed not
only on the surface of Pd nanoparticles, but also into the crystal
structure. However, these AEL results could give us a qualitative
judgment.
Figure 8 shows the CVs of the Pd/C and Pd/C-PLS in 0.5 mol L–1
H2SO4 + 0.5 mol L
–1 HCOOH at a scan rate of 50 mV s–1. It clearly
shows that the onset potential of Pd/C-PLS is lower than that
of Pd/C. Meanwhile, the peak current density of Pd/C-PLS
reaches 10.2 A m–2 during positive potential scanning process
which is 2.2 times higher than that of Pd/C catalyst (4.6 A m–2),
indicating that the activity towards formic acid electrooxidation
for Pd/C-PLS catalyst is much better than Pd/C catalysts.
Chronoamperometric curves (Fig. 9) of formic acid oxidation
in 0.5 mol L–1 HCOOH in 0.5 mol L–1 M H2SO4 solution at 0.30 V
were used to evaluate Pd/C and Pd/C-PLS. Continuous formic
acid oxidation occurs on the surface of electrocatalyst when the
potential is fixed at 0.30 V. Tenacious reaction intermediates such
as COad would form and accumulate on the surface of electro-
catalysts, which will result in a decay of catalytic activity due to
the strong chemisorption of CO.33 In Fig. 9 the decreasing rate
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Figure 6 The Pd (3d) regions of the XPS spectra of Pd/C (a) and Pd/C-PLS catalysts (b).
Table 1 Comparison of binding energies of Pd 3d5/2 and Pd 3d3/2 between
Pd/C and Pd/C-PLS.
Electron orbit Sample Binding energies/eV
Pd(0) Pd(II)
Pd 3d5/2 Pd/C 336.0 337.1
` Pd/C-PLS 335.7 337.0
Pd 3d3/2 Pd/C 341.3 342.7
Pd/C-PLS 340.9 342.3
Figure 7 CVs of Pd/C and Pt/C-PLS in 0.5 mol L–1 H2SO4 at a scan rate of
50 mV s–1.
of current density with time for Pd/C-PLS is much slower than
that of Pd/C, which demonstrates that Pd/C-PLS has better
anti-poisoning ability. As expected, the initial current density
of Pd/C-PLS is much higher than that of Pd/C.
Here, the so-called ‘dual pathway mechanism’34 is used to
explain the enhanced catalytic activity of Pd/C-PLS. The first
reaction pathway, i.e. HCOOH COad+H2O, forms absorbed
carbon monoxide as a reaction intermediate during the dehy-
dration of formic acid step. Pd acts as the main catalyst for the
dehydrogenation of formic acid during the oxidation reaction,
and oxygen-containing species (OHads) could be provided by
SiO2 in PLS. These oxygen-containing species will promote the
oxidation of CO-like species on the Pd surface to release the
active sites for further oxidation of formic acid, which results in
better catalytic activity and anti-poisoning ability.
4. Conclusions
This work proves that introducing the porous SiO2-based PLS
into the conventional carbon support can form a nanocomposite
support with high stability and electrochemical performance.
The results of XRD, BET and TEM showed that the structure
of PLS remains intact after acid treatment. Electrochemical
results proved that addition of PLS in a conventional carbon
support can improve the electrochemical performance. The
presence of PLS in carbon support can provide oxygen-
containing species, which may react with CO-like species
chemisorbed on the surface of Pd nanoparticles, resulting in
better anti-poisoning ability. Compared with Pd/C, Pd/C-PLS
exhibits higher electrocatalytic activity and better durability for
electrooxidation of formic acid, which offers great potential for
extensive usage of PLS as support for electrocatalysts.
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